I
n previously reported studies of both the now globally predominant route of sexual transmission of HIV-1 to women (1) , and the animal model of intravaginal inoculation of simian immunodeficiency virus (SIV) into rhesus macaques (2) , the majority of productively infected cells at the portal of entry and lymphatic tissues (LTs) to which infection spreads were found to be CD4 ϩ T cells. Similarly, in HIV-1 infection, from the acute to late stages of infection, close to 90% of the HIV-1 RNAϩ cells in the LT reservoir where virus is produced were typed as CD4 ϩ T cells (3, 4) . In the majority of these infected CD4 ϩ T cells in the early stages of SIV infection, markers of cell activation and proliferation were not detectable, and thus most of the productively infected population in the very early stages of infection was apparently comprised of resting CD4 ϩ T cells (3) . This finding was quite surprising, because both in vitro and in vivo HIV-1 was long thought to be incapable of productively infecting quiescent T cells (5) (6) (7) (8) , and to rely for propagation on productive infection of activated proliferating CD4 ϩ T cells (9) (10) (11) (12) . Moreover, the rapid depletion of CD4 ϩ T cells in gut-associated LTs and vagina in SIV infection has been thought to be due to preferential replication of SIV in activated CD4 ϩ T cells (13, 14) . Nonetheless, recent reports of productive infection of resting cells in ex vivo cultures of LTs and in patients provide additional evidence that in vivo HIV can productively infect resting CD4 ϩ T cells (15) (16) (17) .
Why would productive SIV and HIV-1 infection be initially found predominantly in resting CD4 ϩ T cells, and what role might infection of these cells play in the early stages of infection? In the target cell substrate availability model shown in Fig. 1 , we propose that it is initially mainly resting T cells that are infected after intravaginal inoculation of SIV, simply because of the greater density of resting T cells, compared with other susceptible cell types such as dendritic cells (DCs) at the portal of entry. Whereas DCs may be important in conveying virus across the mucosal barrier (18) , we reasoned that the CD4 ϩ T cell would quickly become the major infected cell type because (i) CD4 ϩ T cells outnumber other potential target cell types in the female reproductive tract of uninfected rhesus macaques (19) and, (ii) because the spatial proximity of an infected CD4 ϩ T cell to other CD4 ϩ T cells in small aggregates would facilitate propagation of infection in CD4 ϩ T cells, compared with the more dispersed DCs and macrophages in the submucosa. We further reasoned that more resting CD4 ϩ T cells will be infected in the early stages of infection, because resting CD4 ϩ T cells will greatly outnumber the activated T cell population, with a correspondingly greater likelihood of virus encountering and infecting a resting T cell, until infection induces immune activation both at the portal of entry and in the LTs to which infection disseminates.
In this model, the proposed role of infection of resting CD4 ϩ T cells is to produce sufficient virus to maintain the chain of transmission during the early stages of infection. As infection progresses, the immune activation associated with active viral replication would provide larger numbers of activated CD4 ϩ T cells as potential targets for infection. Whereas HIV and SIV can infect both activated and resting CD4 ϩ T cells, we have shown (3) that activated CD4 ϩ T cells contain Ͼ5-fold higher levels of SIV RNA than their resting CD4 ϩ T cell counterparts, which is consistent with higher levels of virus production. We therefore ascribe to infected activated CD4 ϩ T cells the role of amplifiers that propagate and spread infection more efficiently than resting cells, by producing more virus to infect more cells at greater distances.
In this article, we report the results of experimental tests of the predictions of the model: (i) that the proportions of susceptible cell types initially infected should be related to the relative population densities of each susceptible cell type; and, (ii) that changes in the proportions of infected cells of each type should correspond to changes in the population densities. We also describe a method to directly visualize and measure, at the light microscopic level, virus production by cells in tissues, and use this method to examine another major prediction of the model, that infected activated CD4 ϩ T cells produce more virions and could thus infect cells at greater distances than infected resting CD4 ϩ T cells.
Methods
Animals and Experimental SIV Infections. Cervical and LTs that were reexamined and described in this report were from a previous study (3) of female adult Indian rhesus macaques (Macaca mulatta) that had been inoculated intravaginally with SIV mac251 and subsequently killed. Tissues were collected and fixed as described (3). In longitudinal studies of infection of LTs, adult female animals were inoculated i.v. with SIVmac239. Sequential axillary lymph node (LN) biopsies were obtained from anesthetized animals. Plasma SIV RNA levels were determined as described previously (20) . All animal housing and care provided and research performed were in conformance with the Guide for the Care and Use of Laboratory Animals (21) .
Immunohistochemical Staining (IHCS) and In Situ Hybridization (ISH).
IHCS and ISH, single-and double-label IHCS, and combined ISH͞IHCS were performed as described (3) .
Detection of Virions and Intracellular Viral RNA by ISH͞Tyramide
Signal Amplification (TSA)͞Enzyme-Linked Fluorescence (ELF). To detect virions embedded in agarose and in tissue sections, and viral RNA in cells, sections were cut, deparaffinized, digested with pepsin, washed and refixed in paraformaldehyde, and acetylated. After hybridization to digoxigenin labeled virus-specific RNA probes, washing and digestion with RNase A, bound probe was detected by repeated cycles of TSA and incubation with streptavidin-alkaline phosphatase and ELF 97 substrate (Molecular Probes), followed by extensive washes to reduce or eliminate nonspecific precipitates of the ELF substrate. For combined ISH͞ IHC, after the ELF 97 substrate step, slides were incubated with rabbit anti-Ki67 antibody, and then anti-rabbit IgG labeled with Cy3.
For further details, see Supporting Methods, which is published as supporting information on the PNAS web site.
Results and Discussion
Target Cell (Substrate) Availability and Proportions of Cell Types Infected in Sexual Mucosal Transmission. The model shown in Fig. 1 predicts that the frequency of infection of different cell types at the portal of entry and LTs to which infection spreads after intravaginal exposure to SIV should be related to the likelihood of virus encountering a susceptible cell and thus to the relative population density of susceptible cell types in the tissues. To test this prediction, we first determined the relationship between target cell availability and proportion of infected cells in cervical and LTs in animals exposed to SIV by intravaginal inoculation. We evaluated target cell availability in archived tissues in which we had already determined at day 7 that SIV RNA ϩ cells were confined to endocervix and that at day 12 nearly 90% of the SIV RNA ϩ cells in endocervix and LN were CD4 ϩ Ki67 Ϫ HLA-DR resting T cells (3) . Because the remaining SIV RNA ϩ cells were CD4 ϩ Ki67 ϩ T cells, DCs, and macrophages, these tissues provided an optimal test of the proposed relationship between the frequency of productive infection of a susceptible cell type and its relative population density.
We found that in endocervix CD4 ϩ T cells were Ϸ5-fold more abundant than DCs and there were Ϸ70 times as many Ki67 Ϫ CD4 (Table 1) . CD4 ϩ T cells were also four times as abundant as macrophages, and both the macrophages and DCs were dispersed through the submucosa, in contrast to the CD4 ϩ T cells that frequently clustered in small follicular aggregates (data not shown). Thus, both the relative density and spatial proximity of target cells would favor infection of predominantly Ki67 Ϫ CD4 ϩ T cells in these endocervical tissues, which is consistent with our previous findings. Similarly, in the axillary LN to which infection had spread 12 days after inoculation, Ki67 Ϫ CD4 (Table 1) . Thus, the demonstration in this report that Ki67 Ϫ CD4 ϩ T cells are the predominant susceptible target cell in these tissues, combined with the previous demonstration that the majority of SIV RNA ϩ cells in this LN were Ki67 Ϫ CD4 ϩ T cells, satisfies this prediction of the model that frequency of infection in susceptible cell populations will correlate with the prevalence of target cell types.
Longitudinal Studies. The second major prediction of the model is that the proportions of infected resting and activated T cells should change as the proportion of activated CD4 ϩ T cells increases with the immune activation that accompanies progressive infection. To test this theory, we examined axillary LN biopsies 1 and 4 weeks after i.v. inoculation of SIV. Consistent with the model, we found that progressive immune activation altered the proportional representation of activated and resting CD4 ϩ T cells in LTs, and thus their availability for infection. In these experiments, we inoculated animals i.v. with a large dose of SIV to maximally expose resting and activated CD4 ϩ T cells, macrophages, and DCs in LTs to virus. At the time of inoculation most of the potential target cells were Ki67 Ϫ CD4 ϩ T cells (Table 1) . Ki67
T cells were approximately an order of magnitude more abundant than macrophages or DCs, and more than two orders of magnitude more abundant than activated Ki67 ϩ CD4 ϩ T cells. There was increased immune activation at 4 weeks, compared with 1 week, with dramatic increases in Ki67 ϩ B cells in lymphoid follicles and T cells (Fig. 2  A and B) and specifically, Ki67 ϩ CD4 ϩ T cells, in the paracortex ( Fig. 2 C and D) , which increased 3-fold from 1 to 4 weeks after inoculation (Fig. 3A) .
To evaluate changes in the size and proportion of Ki67 Ϫ and Ki67
T populations, we first determined the proportion of different types of productively infected cells by combining IHCS, using antibodies to identify CD4 ϩ T cells, macrophages, or DCs, with ISH to determine the proportion of each cell type that were SIV viral RNA ϩ . After i.v. inoculation, Ͼ95% of the SIV RNA ϩ cells in the LTs were CD4 ϩ T cells (data not shown), which is equivalent to the proportion found after intravaginal inoculation. To determine the proportion of productively infected resting or activated cells in this population of infected CD4 ϩ cells, we combined IHCS with antibodies to Ki67 and ISH, and then counted the number of singly or doubly labeled cells per mm 2 ( Fig.  2 E and F) . We found that the majority (80%) of SIV RNA ϩ T cells at 1 week were Ki67 Ϫ , and 15% were activated CD4 ϩ T cells, which is equivalent to the previously reported proportions of SIV RNA ϩ resting and activated CD4 Fig. 3A) , which is exactly parallel to the increased proportion of activated T cells. This result thus satisfies the second major prediction of the proposed model of viral propagation in vivo at transmission and early stages of infection.
Substrate Exhaustion and Decreased Plasma Viremia. Two mechanisms have been advanced to explain the decline in plasma levels of HIV-1 and SIV typically observed in the acute stage of infection after the initial peak in plasma viremia. There is evidence that virus-specific cellular immune responses contribute to the decline (22) , but there is also theoretical (23) and experimental (13, 14) support for the idea that exhaustion of activated CD4 ϩ T cells as substrates for viral replication plays a major role. In the LTs of the animals we studied, the frequency of activated CD4 ϩ T cells in LTs increased 3-fold between weeks 1 and 4, even as levels of virus in plasma fell (Fig. 3A) . This result is inconsistent with the hypothesis that plasma levels decline because of exhaustion of activated CD4 ϩ T cells as substrates for viral replication, at least in peripheral LTs. Because we did not examine gut-associated LTs, it is possible that depletion of activated CD4 ϩ T cells from this compartment could contribute substantially to the decline in plasma viremia. Nonetheless, it is clear that global depletion of activated CD4 ϩ T cells in all LTs cannot completely account for the observed down-regulation of plasma viremia. Moreover, the parallel decreases in plasma SIV RNA and infected CD4 ϩ T cells (Fig. 3B) is consistent with elimination of productively infected cells in LTs by virus-specific CD8 ϩ CTLs or other mechanism as the basis for the decrease in plasma viremia.
Inherent Susceptibilities of Resting and Activated CD4 ؉ T Cells.
Although the results shown in Fig. 3A support the target cell availability model, they also suggest that availability alone cannot account for the predominance of infection in the activated CD4 ϩ T cell population at week 4. Even with a 3-fold increase in the relative abundance of activated CD4 ϩ T cells at 4 weeks, there are still many more resting CD4 ϩ T cells that could be infected if they were equally susceptible to infection. Moreover, there are nearly 20 times fewer infected Ki67 Ϫ CD4 be capable of supporting productive infection. For example, the infectable population might be recently activated cells returning to a resting state. Although they would be characterized as resting T cells with the reagents currently available for immunophenotyping in tissue sections, they may differ subtly from truly resting cells, e.g., as has been recently shown by Chun et al. (17) , in the expression of transcriptional regulatory and other genes, that enable them to support productive infection. With the progressive immune activation that accompanies systemic SIV infection, there would be fewer postactivated cells returning to this state, and thus, a smaller population of resting cells to support productive infection. As the initial population of productively infected resting CD4 ϩ T cells is eliminated by immune or other mechanisms, the decreased availability of an infectable resting CD4 ϩ T cell population, and increased relative frequency of the more susceptible activated CD4 ϩ T cells, would result in the observed greater proportional decrease in the size of the viral RNA ϩ Ki67 Ϫ T cell population seen at week 4. The decreased numbers of infected resting cells observed at week 4 could also in part reflect conversion of the pool of initially productively infected cells to a state of latent infection, a mechanism in accord with recent ideas about the origins of the latently infected resting CD4 ϩ T cell (25) . Additionally or alternatively, the initially infected resting cells could have slowly succumbed to the cumulative cytopathic effects of viral replication, they could have become activated, or they could have been eliminated by host defenses.
Virus Production and Efficiency of Propagation and Spread of Infec-
tion. In the model shown in Fig. 1 , infected resting T cells produce fewer virions per cell but sustain infection in its earliest stages by transmitting virus to resting T cells in close proximity. However, infected activated T cells produce more virions per cell and thus may transmit infection more efficiently, through multiplicity effects, and at greater distances. We have previously used relative viral RNA concentrations in infected cells (3) as a surrogate measure of different levels of virus production, and also found higher concentrations of SIV RNA in activated cells, compared with resting cells, in the lymph node biopsies of animals infected i.v. (data not shown). To more rigorously quantify virus production in vivo by resting and activated T cells, we developed an amplification method to visualize virions at the light microscopic level to facilitate counting the number of virions associated with cells in tissues. To visualize virions, we detected viral RNA in them by ISH, and then amplified the signal by TSA, followed by ELF, which generates a strong fluorescent signal that is stable to quenching. We first showed that we that we could visualize virions at the light microscopic level in agarose sections containing predetermined concentrations of virions (Fig. 4) , and then applied the method to estimate virus production by resting and activated cells in tissue sections. We first documented the specificity of the method in sections of axillary LN 12 days after intravaginal inoculation. We focused on this tissue because, as described above, we had already shown that 85% of the SIV RNA ϩ cells in this LN were CD4 The axillary LN sample also provided an opportunity to test the prediction of the model that activated T cells should transmit infection to more cells, at greater distances, than infected resting T cells. We had previously determined (26) (Fig. 1) .
Contributions of Resting and Activated CD4 ؉ T Cells to Virus Production in Acute Infection. By using size to discriminate resting from activated CD4 ϩ T cells, we estimated the numbers of virions associated with small and large SIV RNA ϩ cells by focusing through several planes at high magnification to clearly identify particles. We counted particles over 100 cells and found that there were, on average, five virions (Ϯ 2.9, range 1-17 virions) associated with the small resting cells and 64 virions (Ϯ 38.7, range 19-220 virions) associated with large activated T cells. These are minimal estimates, because there may have been some particles that could not be distinguished from the background signal over the cellular interior, mainly from intranuclear viral RNA, and thus would not have been counted. Whereas cumulative virus production over time cannot be determined from this type of analysis, the results nevertheless document in this snap shot of infection a 12-fold greater number of virions associated with activated compared to resting T cells in tissues, which is consistent with the model shown in Fig. 1 .
In previous studies (27) of the dynamics of HIV-1 infection in LTs, two populations of mononuclear cells were originally identified that turned over with an apparent t 1/2 Ϸ1-2 days and a t 1/2 Ϸ14 days, respectively, after initiation of antiretroviral therapy. Subsequently, these two dynamic populations were shown to be activated and resting CD4 from resting cells, despite the small numbers of virions associated with resting cells in ''snapshots,'' reflects the assumption, based on a 14-day half-life, of production of virus over a longer period by resting cells, which, presumably, are better able to survive the cytopathic effects of replication and recognition by immune surveillance because of lower levels of virus gene expression. Because there are so many more infected resting cells, we can calculate virus production from the weighted averages of population size and relative virus production. This calculation leads to the conclusion that the infected resting CD4 ϩ T cell population contributes substantially to virus production in the very earliest stages of infection (C.R., unpublished work).
Virion Production by Resting and Activated Cells and Sexual Mucosal
Transmission. We also found that after intravaginal inoculation of SIV there are only a few viral particles at or close to the cell surface of small resting T cells, whereas infected activated CD4 ϩ T cells are surrounded by larger numbers of virions. We had previously shown that almost all of the SIV RNA ϩ cells detected by ISH with radiolabeled riboprobes in sections of cervix after intravaginal inoculation of SIV were CD4 ϩ T cells (3) , reflecting the greater number of resting cells initially available. In reexamining these tissues with ISH͞TSA͞ELF, we again found that most of the SIV RNA ϩ T cells in the submucosa (Fig. 6A) were small resting cells. At higher magnification (Fig. 6 B and C) , there are a few virions at or near the cell surface of the small resting cells, whereas a cloud of virions envelopes large activated T cells. This image captures the proposed roles in the model of transmission at close distances by resting cells and at greater distances by activated cells.
Mass-Action Model of Transmission and Establishment of Persistent
Infection. Expression of CD4 and coreceptors (29) (30) (31) (32) (33) define populations of susceptible host cells that HIV and SIV can enter but does not predict per se the relative proportions of susceptible cells that will be productively infected in vivo or define mechanisms of transmission and propagation of infection. We propose here and provide evidence in support of what is essentially a mass-action predator-prey model (34, 35) for the transmission of and initial establishment of persistent SIV infection in LTs that accords to the CD4 ϩ T cell the same preeminent role ascribed to this cell type in HIV-1 infection (36) . In this model, transmission and propagation are related to the concentrations of infected cells, susceptible cells, and virus. Continued propagation of infection, relative proportions of productively infected cells of a particular type, and transmission at close or longer range all will depend on the availability of susceptible cellular substrates, the levels of virus production by different cell types, and the proximity of infected cells to susceptible cells; e.g., focal collections of CD4 ϩ T cells in the female reproductive tract and the high density of CD4 ϩ T cells in LTs favor propagation in CD4 ϩ T cells.
This mass-action model predicts that in the earliest stages of infection, productive infection will predominate in the type of susceptible cell at the highest concentration in the tissue. The proportion of productively infected cells of a particular type at later times will correspond to the representation of these cells in the population at that time. The experimental data indicate that this prediction is satisfied for the LTs studied. Within the first week of infection, the majority of infected cells in LTs are resting CD4 ϩ T cells. Between 1 and 4 weeks after i.v. inoculation of SIV, the proportion of activated CD4 ϩ T cells increased 3-fold with a parallel 3-fold increase in the proportion of infected activated CD4 ϩ T cells. These findings are consistent with previous cross sectional studies, that in the early stages of HIV-1 infection, a substantial proportion (Ϸ50%) of the HIV-1 RNA ϩ cells are resting CD4 ϩ T cells, whereas, at later stages, there is a proportional increase in productively infected activated T cells that parallels chronic immune activation (3). These findings collectively support the idea that the relative availability of susceptible cellular substrates is an important determinant of the relative proportions of particular cell types that are productively infected and the contribution that each cell type makes to the continued propagation of infection at a particular stage of infection. The model can also account for the previously reported finding that SIV RNA was found mainly in macrophages in gut-associated LTs at a time when CD4 ϩ T cells had been depleted (13) , and for the shift of infection to macrophages after the essentially quantitative acute depletion of CD4 ϩ T cells in macaques infected with pathogenic simian͞HIVs (37) .
By visualizing virions, we have been able to directly estimate the relative numbers of viral particles associated with resting and activated cells and show that the surface of activated cells is surrounded by Ͼ10 times as many virions as are seen for resting cells. However, because resting cells turn over more slowly and far outnumber infected activated cells in the very earliest stages of infection, they could still contribute importantly to total virus replication levels during early infection. They would thus fulfill their proposed critical role in propagating infection by producing sufficient virus to maintain the chain of transmission to nearby cells. As the pool of activated CD4 ϩ T cells increases with immune activation, and is infected, this population becomes the major source of virus production.
In the mass-action model, the greater production of virus and diffusion of virions away from the productively infected activated T cells should increase, through multiplicity effects, the efficiency and likelihood of infecting another cell at greater distances. Both the greater number of virions associated with infected activated T cells documented here, and previously documented genotypic (38) and spatial clustering of infected cells within two cell diameters (26) of another infected cell, are in accord with and support this model. A high local concentration of virus might also contribute to genetic variability through superinfection and recombination in nearby cells. Thus, the recently documented large number of recombinants and multiple proviruses in cells (39) documented in HIV infection need not arise from high systemic concentrations of virus, but rather, may be generated through local multiplicity effects.
These studies have revealed vital roles for productive infection of both resting and activated CD4 ϩ T cells in intravaginal transmission and establishment of systemic infection. We show in this report that resting cells not only serve to maintain unbroken chains of transmission but also likely contribute substantially to production of the high levels of virus in early infection required for systemic dissemination, a role for this cell population that heretofore has not been appreciated. We document the even higher levels of virus production by infected activated CD4 ϩ T cells that enable infection of susceptible cells at greater distances from virus producing cells both locally and throughout the LTs. The higher levels of virus production by infected activated T cells could be a factor in the increased transmission of HIV-1 in the setting of sexually transmitted diseases, other infections, or other causes of preexisting inflammation, e.g., induced by some microbicides (40) (41) (42) (43) (44) . In addition to the effects of inflammation on mucosal integrity, the increased numbers of activated cells that accompany inflammation, and the important role that the infected activated T cell plays a role as an amplifier to efficiently propagate and spread infection, suggests that there could be a role for topical anti-inflammatory agents in reducing the availability of these critical target cells, thereby reducing sexual mucosal transmission and͞or moderating infection at its earliest stages.
